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' MORPHOLOGY of CRYSTALLINE POLYETHYLENE 
TEREPHTHALATE (PET) 
13330 
V a r i o u s  f o r m s  of c r y s t a l l i z a t i o n  of PET, b o t h  f r o m  s u p e r c o o l i n g  
a n d  from o r i e n t a t i o n ,  have  been s tudied .  The p u r p o s e  of t h i s  work i s  
to c h a r a c t e r i z e  i n  d e t a i l  t h e  morphology a n d  s t r u c t u r e  of t h e  v a r i o u s  
t y p e s  of c r y s t a l l i n e  u n i t s  i n  PET. These  r e s u l t s  a r e  b e i n g  u t i l i z e d  
i n  o t h e r  s t u d i e s  b e i n g  carr ied o u t  p r e s e n t l y  a t  Case ;  i n c l u d i n g  IR 
s t u d i e s  of t h e  c h a i n  c o n f o r m a t i o n  a n d  f o l d i n g  of PET, m e c h a n i c a l  
b e h a v i o r  of PET u n d e r  w e l l - c o n t r o l l e d  c o n d i t i o n s ,  e tc . .  
T h i s  repor t  summar ies  t h e  p r e l i m i n a r y  i n v e s t i g a t i o n  of PET. 
Much w o r k  i s  n e e d e d  i n  t h e  c l a r i f i c a t i o n  of t h e  v a r i o u s  o b s e r v a t i o n s  
reported h e r e .  
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. * I .  CRYSTALLIZATION of PET f rom SOLUTION & on SOLVENT 
EVA Po RA T I ON 
I F i g u r e  1 shows a t y p i c a l  example of t h e  t y p e  of  c r y s t a l l i t e s  
3 
o b t a i n e d  b y  c r y s t a l l i z a t i o n  i n  s o l u t i o n ,  b o t h  by c o o l i n g  a n d  u n d e r  i s o -  
t h e r m a l  c o n d i t i o n s .  They are s p h e r u l i t i c  i n  n a t u r e ,  c o n s i s t i n g  of 
f i b r i l l a r  r i b b o n s ,  e a c h  a b o u t  l O O A  t h i c k ,  f e w  h u n d r e d  A w i d e  a n d  
s e v e r a l  t h o u s a n d  A i n  l e n g t h .  Depending o n  t h e  c r y s t a l l i z a t i o n  con-  
d i t i o n s ,  t h e  s ize  of t h e s e  s p h e r u l i t e s  v a r i e s  f r o m  a b o u t  .5p t o  l o p .  
A t t e m p t s  t o  e s t a b l i s h  t h e  c h a i n  c o n f o r m a t i o n  w i t h i n  t h e  f i b r i l l a r  
r i b b o n s  by means of selected a r e a  e l e c t r o n  d i f f r a c t i o n  w e r e  unsuc -  
c e s s f u l .  T h i s  i s  due  t o  a number of u n f a v o r a b l e  e x p e r i m e n t a l  con-  
d i t i o n s ;  among t h e s e  are t h o  s i z e  a n d  randomness of t h e  a g g r e g a t e s  a s  , 
w e l l  a s  t h e  l o w  d i f f r a c t i n g  power of t h e s e  f i b r i l l a r  r i b b o n s .  These  
d i f f i c u l t i e s  w e r e  c i r c u m v e n t e d  b y  growing f i b r i l l a r  r i b b o n s  e p i t a x i l l y  
on a N a C l  s u b s t r a t e .  By t h i s  method t h e  f i b r i l l a r  r ibbons  w e r e  
a l i g n e d  i n  a n  o r d e r l y  f a s h i o n  making p o s s i b l e  d e t a i l e d  d i f f r a c t i o n  
s t u d i e s .  The d i s c u s s i o n  of t h e i r  c h a i n  c o n f o r m a t i o n  w i l l  be c o n s i d e r e d  
l a t e r .  
0 0 
0 
B y  means of s o l v e n t  e v a p o r a t i o n  it w a s  p o s s i b l e  t o  o b t a i n  some 
l a m e l l a r - t y p e  c r y s t a l s  of PET. ( F i g u r e  2 )  They a r e  q u i t e  i r r e g u l a r ,  
w i t h  l i t t l e  o r  no r e c o g n i z a b l e  c r y s t a l l o g r a p h i c  g r o w t h  faces. Each 
c r y s t a l  c o n s i s t s  of a l a m e l l a r  b a s e  l a y e r .  F i b r i l l a r  o v e r g r o w t h s  c a n  
b e  s e e n ,  b u t  t h e y  do n o t  s e e m  t o  have a n y  p a r t i c u l a r  o r i e n t a t i o n  w i t h  
e a c h  o t h e r  o r  t h e  b a s e  l a y e r .  A t  t i m e s  r e g u l a r  l amel lae  w i t h  t h e  
p r e s e n c e  of s e v e r a l  d i s l o c a t i o n s  i n  t h e  c e n t e r  were observed as 
shown i n  F i g u r e  3 .  They were g e n e r a l l y  f o u n d  w i t h  t h e  f i b r i l l a r  
r i b b o n s .  These  mixed s t r u c t u r e s  s h o u l d  be of i n t e r e s t  f o r  s t u d i e s  
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of t h e  n u c l e a t i o n  a n d  g rowth  m e c h a n i s m  of po lymer  c r y s t a l l i t e s  b e c a u s e  
of t h e i r  f u n d a m e n t a l  r e l a t i o n s h i p  t o  e a c h  o t h e r .  However a t t e m p t s  t o  
r e p r o d u c e  them u n d e r  s i m i l a r ,  c o n t r o l l e d  c o n d i t i o n s  w e r e  u n s u c c e s s f u l .  
I n  g e n e r a l ,  c r y s t a l l i z a t i o n  d u r i n g  s o l v e n t  e v a p o r a t i o n  h a s  n o t  b e e n  
f o u n d  t o  be r e p r o d u c i b l e  t o  t h e  e x t e n t  t h a t  s y s t e m a t i c  s t u d i e s  c a n  b e  
. 
c. 
made o n  t h e  p r o d u c t s .  
11. EPITAXIAL CRYSTALLIZATION of PET & EVIDENCE f o r  CHAIN- 
FOLDED CON FORMATION 
U n d e r  s u i t a b l e  c o n d i t i o n s  f i b r i l l a r  r i b b o n s  c a n  be o b t a i n e d  
e p i t a x i a l l y  o n  NaCl b o t h  i n  s o l u t i o n  a n d  on  s o l v e n t  evaporat ion.  
F i g u r e  4 shows a n  example  of t h e s e  f i b r i l s  o r i e n t e d  a l o n g  t h e  <110> 
d i r e c t i o n  of t h e  N a C l  s u b s t r a t e .  They a r e  s e e n  w i t h  t h e i r  t h i n  e d g e s  
l a y e d  down p a r a l l e l  t o  t h e  (001) f a c e  of NaC1. The e d g e s ,  i . e . ,  t h e  
t h i c k n e s s e s l  of t h e s e  f i b r i l l a r  r i b b o n s  measu red  a b o u t  1 0 0 A ,  t h e  same 
a s  t h a t  o b t a i n e d  p r e v i o u s l y  f o r  s o l u t i o n  grown f i b r i l s  ( F i g u r e  1). 
0 
From shadow l e n g t h s ,  t h e  h e i g h t  of t h e s e  r i b b o n s  was estimated t o  be 
b e t w e e n  a f e w  h u n d r e d  A a n d  s e v e r a l  t h o u s a n d  A. 
0 0 
E l e c t r o n  d i f f r a c t i o n  s t u d i e s  on t h e s e  w e l l - a l i g n e d  s t r u c t u r e s ,  
w i t h  t h e  h e l p  of a c o o l i n g  s t a g e  i n  t h e  spec imen  chamber of t h e  elec- 
t r o n  microscope , w e r e  g e n e r a l l y  successful .  The c h a i n  m o l e c u l e s  a r e  
n e a r l y  p a r a l l e l  t o  t h e  NaCl s u b s t r a t e  s u r f a c e ,  b u t  i n c l i n e d  a t  a 
l a r g e  a n g l e  (about 70 ' )  t o  t h e  f i b r i l  l o n g  ax is .  An e l e c t r o n  d i f f r a c -  
t i o n  p a t t e r n  a n d  i t s  corresponding selected a r e a  a re  shown i n  t h e  
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l o w e r  r i g h t - h a n d  c o r n e r  of F i g u r e  4. The s t r o n g  r e f l e c t i o n s  a r e  f rom 
110 a n d  lil p l a n e s .  A weak r e f l e c t i o n  t h a t  b a r e l y  showed up a l o n g  
the m e r i d i a n  o r  f i b e r  a x i s  i s  due  t o  t h e  105 p lanes .  T h e s e  s t u d i e s  
g i v e  e v i d e n c e  t h a t  t h e  m o l e c u l e s ,  which a r e  a b o u t  a t h o u s a n d  A l o n g ,  
must  assume a fo lded  type c o n f o r m a t i o n  w i t h i n  t h e s e  l O O A  t h i c k  
- 
d.' 
- 
0 
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f i b r i l l a r  r i b b o n  a s  i n  t h e  c a s e  of polymer s i n g l e  c r y s t a l s .  
111. CRYSTALLIZATION of PET f rom BULK MATERIAL 
S p h e r u l i t i c  s t r u c t u r e s ,  c o n s i s t i n g  of l a m e l l a r  r i b b o n s ,  c a n  be  
nhtained f r o m  t h e  m e l t  and  f r o m  t h e  a n n e a l i n g  of g l a s s y  m a t e r i a l s .  
( F i g u r e s  5 & 6 )  The m a j o r  d i f fe rence  be tween t h e  two cases i s  t h e  
r a t e  of s p h e r u l i t i c  g rowth .  The s p h e r u l i t i c  g r o w t h  r a t e  i s  much 
f a s t e r  i n  t h e  case of c r y s t a l l i z a t i o n  f r o m  m e l t  t h a n  f r o m  g l a s s ,  
( s p h e r u l i t i c  d i a m e t e r  8 t o  1) b u t  t h i s  effect  may be masked by  t h e  
h i g h e r  n u c l e a t i o n  d e n s i t y  p r e s e n t  i n  t h e  l a t t e r .  They w e r e  grown a t  
t h e  s a m e  t e m p e r a t u r e  ( -154OC) f o r  e q u a l  l e n g t h s  of t i m e .  The o r i g i n a l  
p o l y m e r  p r i o r  t o  c r y s t a l l i z a t i o n  showed n o  g r o s s ,  r e c o g n i z a b l e  f e a -  
t u r e s  ( F i g u r e  7 )  except f o r  some minu te ,  b a l l - l i k e  s t r u c t u r e s  of t h e  
o r d e r  of 50A i n  d iameter ,  The amorphous,  g l a s s y  m a t e r i a l  w a s  pre- 
p a r e d  b y  q u e n c h i n g  q u i c k l y  t h e  mol t en  m a t e r i a l  i n t o  i ce  w a t e r .  The 
m a t e r i a l  appeared t r a n s p a r e n t  a n d  showed no order e i t h e r  f r o m  w i d e  
a n g l e  o r  s m a l l  a n g l e  X- rays .  
0 
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I V .  STIWIIU- IXDUCED CRYSTALLIZATION of PET 
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X-ray s t u d i e s  of co ld  drawn PET g i v e  e v i d e n c e  f o r  m o l e c u l a r  
o rde r  a l o n g  t h e  f i b e r  a x i s ,  e v e n  a t  t e m p e r a t u r e s  w e l l  below t h e  
g l a s s  t r a n s i t i o n  t e m p e r a t u r e  ( c a .  7 O o C ) .  T h i s  order may be r e l a t e d  
t o  some f o r m  of c r y s t a l l i z a t i o n  induced  d u r i n g  d rawing .  The morphology 
and  t h e  c h a i n  c o n f o r m a t i o n  of these s t r a i n - i n d u c e d  c r y s t a l l i t e s  a r e  
p r e s e n t l y  unknown. W e  a r e  i n t e r e s t e d  i n  l o o k i n g  i n t o  t h e  p o s s i b i l i t i e s  
of s t u d y i n g  these  c r y s t a l l i t e s  d i r e c t l y  b y  means of e l e c t r o n  m i c r o -  
s c o p y  t o g e t h e r  w i t h  s m a l l - a n g l e  a n d  w i d e - a n g l e  X-ray  t e c h n i q u e s .  
- - 1  -+r , , r . -  - .  . P r e l i m i n a r y  r e s u l t s  snoweu W A I L =  L y y L  -_ _ _ _  I 
t u r e  p r e s e n t  i n  c a s t  drawn t h i n  f i l m s  of PET ( F i g u r e  8 ) .  N o  f i b e r  
morphology w a s  observed i n  a n y  of t h e  s a m p l e s  s t u d i e d  so  f a r .  
I n s t e a d ,  s o m e  s t ruc tures?  s i m i l a r  t o  t h o s e  shown i n  F i g u r e  7 of t h e  
g l a s s y  m a t e r i a l ,  a r e  s e e n  a r r a n g e d  i n  r o w s  a t  a s u b s t a n t i a l  a n g l e  t o  
draw d i r e c t i o n .  O t h e r  p r e p a r a t i o n s ,  f o r  example, u s i n g  a s t a i n i n g  
a g e n t  of p h o r s t u n g s t i c  a c i d ,  s e e m  t o  i n d i c a t e  p r e s e n c e  of some k i n d  
of p e r i o d i c i t i e s  of t h e  order of 100A, which  a r e  a l s o  a t  a l a r g e  a n g l e  
of a b o u t  60' w i t h  respect t o  t h e  draw d i r e c t i o n  ( F i g u r e  9 ) .  The 
p e r i o d i c i t i e s  a r e  q u i t e  n o t i c e a b l e  i n  t h e  h i g h l y  drawn p o r t i o n .  
I n v e s t i g a t i o n s  a r e  b e i n g  car r ied  o u t  t o  e s t a b l i s h  t h e  n a t u r e  of t h e s e  
observed phenomena i n  drawn PET. 
0 
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V. INFRARED STUDIES of FOLDING i n  POLY- (ETHYLENE TEREPHTHALATE) 
&: A .  I n  c o n j u n c t i o n  w i t h  t h e  i n t e n s i v e  work b e i n g  done  i n  t h e  a r e a  
of po lymer  c k y s t a l l i z a t i o n  a n d  morphology, i t  i s  s u r p r i s i n g  t h a t  no 
means i s  y e t  a v a i l a b l e  t o  detect ( e x c e p t  i n  s i n g l e  c r y s t a l  s t u d i e s  
where  t h e  d e d u c t i o n s  are o b v i o u s )  t h e  p r e s e n c e  o r  a b s e n c e  of a folded 
c o n f o r m a t i o n  i n  a t y p i c a l  c r y s t a l l i n e  po lymer  m a t e r i a l .  
Long before t h e  t h e o r y  of polymer c h a i n  f o l d i n g  had  b e e n  pro- 
posed t h e  i n f r a r e d  s p e c t r u m  of p o l y - ( e t h y l e n e  t e r e p h t h a l a t e )  had  b e e n  
a n a l y z e d  q u i t e  e x t e n s i v e l y .  And because  of t h e  commerical importance 
‘ I  
7nd 11njnue Droper i t ies  of t h e  m a t e r i a l  u n d e r  v a r i o u s  severe c h e m i c a l  
and  p h y s i c a l  tests, t h e  spectrum and i t s  c o r r e l a t i v e  c h a n g e s  W ~ L I I  
p r o p e r t i e s  h a s  c o n t i n u e d  t o  be s t u d i e d  t o  t h e  p o i n t  where  now i t s  
i n f r a r e d  band a s s i g n m e n t s  are f a i r l y  complete. 
With  these t h o u g h t s  i n  m i n d ,  it was o u r  p u r p o s e  t o  a c h i e v e  t h e  
f o l l o w i n g  e n d s :  
1) Ass ignment  of ” fo ld”  bands -- t h o s e  wh ich  a r i s e  
b e c a u s e  of a c o n f o r m a t i o n  wh ich  i s  c o n c e n t r a t e d  
i n  t h e  folded r e g i o n s ,  which may or may n o t  occur 
i n  t h e  n o r m a l  po lymer .  
2 )  Measurement of t h e  r e l a t ive  f o l d  c o n t e n t  i n  po lymer  
s a m p l e s  p r e p a r e d  u n d e r  d i f f e r e n t  c o n d i t i o n s .  
T h a t  i t  m i g h t  be  possible  t o  o b t a i n  a band i n  t h e  spectrum which  
i s  d u e  s o l e l y  t o  t h e  r e q u i r e m e n t s  of t h e  folded c h a i n  seems r e a s o n a b l e  
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i f  o n e  a n a l y z e s  models t o  d e t e r m i n e  t h e  possible ways i n  wh ich  a mole- 
c u l e - o f  p o l y - ( e t h y l e n e  t e r e p h t h a l a t e )  migh t  fold.  The s t i f f n e s s  of 
t h e  b e n z e n e - c a r b o n y l  c o n j u g a t e d  sys tem a l o n g  w i t h  t h e  bu lk iness  of t h e  
g l y c o l  l i nkage  imposes s t r i n g e n t  s te r ic  r e q u i r e m e n t s  a n d  h i g h l y  e n e r -  
&’ 
I 
get ic  c o n f o r m a t i o n s  upon t h e  molecu le .  If t h e  p o l y - ( e t h y l e n e  tere- 
p h t h a l a t e )  m o l e c u l e  fo lds  ( a n d  i t  has  b e e n  p r o v e n  t h a t  it does), i t  
must of n e c e s s i t y  exist  i n  a h i g h l y  s t ra ined c o n f o r m a t i o n  wh ich  may 
p r o d u c e  s h i f t s  of t h e  u s u a l  v i b r a t i o n s  i n  PET. 
B. The p o l y -  ( e t h y l e n e  terephthalate) samples s t u d i e d  w e r e  a n a -  
l v z e d  u s i n g  a Pe rk in -E lmer  521 doub le  beam infrared spectrometer. 
Samples of v a r i o u s  preparations have b e e n  a n a l y z e a .  LLI= 
c r y s t a l l i z e d  p o l y -  ( e t h y l e n e  terephthalate) w a s  o b t a i n e d  by  c r y s t a l -  
s I 
l i z i n g  f r o m  t w o  d i f f e r e n t  s o l v e n t s - - b o t h  g i v i n g  s p e c t r o s c o p i c a l l y  
n e a r l y  i d e n t i c a l  c r y s t a l l i n e  samples. The f i rs t  set of c r y s t a l s  were 
grown o v e r n i g h t  f r o m  both 0.1% t o  1% s o l u t i o n s  i n  d i m e t h y l  p h t h a l a t e  
a t  a p p r o x i m a t e l y  130OC. The second  set of c r y s t a l s  w e r e  grown from a 
0.1% s o l u t i o n  of PET i n  2 ( 2  b u t o x y e t h o x y )  e t h a n o l  by v e r y  s l o w l y  
c o o l i n g  t h e  s o l u t i o n  f r o m  t h e  b o i l i n g  p o i n t  of t h e  s o l v e n t .  
Because  of t h e  i m p o s s i b i l i t y  of o b t a i n i n g  mats of t h e  s o l u t i o n  
grown c r y s t a l s ,  t h e y  were a n a l y z e d  by  preparing K B r  pel le ts  of them 
a n d  r u n n i n g  them w i t h  t h e  beam c o n d e n s e r .  
Melt samples were p r e p a r e d  by s i m p l y  h e a t i n g  f1Mylar” sheets i n  a 
r a m  press w i t h  electric h e a t i n g  p l a t t e n s .  The polymer w a s  h e l d  a t  t h e  
-7- 
a t  t h e  m e l t  t e m p e r a t u r e  f o r  a b o u t  t e n  m i n u t e s ,  t h e n  t h e  press w a s  
t u r n e d  off a n d  t h e  po lymer  w a s  allowed t o  c r y s t a l l i z e  v e r y  s l o w l y  
from t h e  m e 1 ; t .  Aga in ,  because i t  was n o t  possible t o  o b t a i n  samples 
w h i c h  were t h i n  enough t o  g i v e  s a t i s f a c t o r y  spectra, t h e  f i l m s  pre- 
pared were g r o u n d  up a n d  un i n  K B r  p e l l e t s ,  u s i n g  t h e  beam c o n d e n s e r .  
M e l t  spectra w e r e  obtained u s i n g  a h e a t i n g  ce l l  a n d  c o m p e n s a t i o n  
4, 
w a s  made f o r  t h e  r a d i a t i o n  from t h e  ce l l  a t  these h i g h  t e m p e r a t u r e s .  
C o m p l e t e l y  amorphous  p o l y - ( e t h y l e n e  terephthalate)  w a s  o b t a i n e d  
b y  t w o  means.  A st r ic t  " g l a s s "  w a s  o b t a i n e d  b y  h e a t i n g  t h e  polymer 
t o  m e l t i n g  t h e n  w i t h d r a w i n g  a n d  quench ing  i n  a n  ice water bath.  
' ----'I-* n - n v 7 - i  ded bv C. A n o t h e r  source or a n i u L p l r u u a  . I - 
H e f f e l f i n g e r  of the E, I ,  DuPont Company a t  C i r c l e v i l l e ,  Ohio, These 
f i l m s  w e r e  cast a t  room t e m p e r a t u r e  f r o m  a s o l u t i o n  of t h e  po lymer  i n  
70% t e t r a c h l o r o e t h a n e  a n d  30% phenol. They w e r e  i n i t i a l l y  a n a l y z e d  t o  
b e  amorphous  by  i n f r a r e d  a n d  by d i f f e r e n t i a l  t h e r m a l  a n a l y s i s .  
O l i g o m e r s  were o b t a i n e d  from several s o u r c e s .  C. Heffelf i n g e r  
s e n t  a sample of PET which had a n  average d e g r e e  of p o l y m e r i z a t i o n  
of 15 t o  20. 
Samples of PET p e n t a m e r  a n d  p repo lymer  w e r e  o b t a i n e d  f r o m  
M. I sh ibash i ,  of Nippon Rayon i n  J a p a n  a n d  a sample of p e n t a m e r  w a s  
o b t a i n e d  from Y. Yamashi ta  of Okayama U n i v e r s i t y ,  J a p a n .  
T y p e s  of e x p e r i m e n t s  upon t h e  a f o r e m e n t i o n e d  samples: 
1) Chemica l  t r e a t m e n t  --- a h i g h l y  c r y t a l l i n e  sample 
( s o l u t i o n  grown c r y s t a l s )  of PET w a s  c h e m i c a l l y  
-8- 
d e g r a d e d  w i t h  aqueous  me thy lamine  a t  room t e m p e r -  
a t u r e .  The base h y d r o l y s i s  of PET by  me thy lamine  
is w e l l  known; t h e  method u s e d  here i s  b a s i c a l l y  
t h e  o n e  used by Fa r row(2)  e t .  a l .  i n  t h e i r  s t u d i e s  
of t h e  c h e m i c a l  d e g r a d a t i o n  of PET. A 20% a q u e o u s  
me thy lamine  s o l u t i o n  w a s  allowed t o  come i n  c o n t a c t ,  
w i t h  c o n t i n u o u s  a g i t a t i o n ,  w i t h  t h e  polymer  f o r  
t i m e s  up t o  48 hours .  
h o u s  f i l m ,  which h a d  b e e n  obtained f r o m  C. H e f f e l -  
f i n g e r  w a s  placed be tween  s a l t  plates  i n t o  a heat-  
c e l l  a n d  w a s  crystal l ized i n  t h e  i n f r a r e d  mach ine  
and t h e  spec t rum recorded as a f u n c t i o n  of t i m e .  
3) S u c c e s s i v e  i n f r a r e d  s c a n s  w e r e  o b t a i n e d  a f t e r  t w o  
c o n s e c u t i v e  t r e a t m e n t s  upon t h e  same amorphous 
f i l m ,  One of t h e  amorphous f i l m s  w a s  stretched 4* 
t i m e s  i t s  o r i g i n a l  l e n g t h  i n  a hand stretcher. 
While s t i l l  i n  t e n s i o n  i t  w a s  placed i n  t h e  o v e n  
t o  be f u r t h e r  c r y s t a l l i z e d  by  heat s e t t i n g  a t  2OO0C 
f o r  11 h o u r s .  
4 )  A n n e a l i n g  s t u d i e s  were a l s o  performed o n  t h e  s o l u t i o n  
c r y s t a l l i z e d  material as w e l l  a s  upon t h e  p r e - p o l y m e r  
o b t a i n e d  f r o m  C. H e f f e l f i n g e r .  I n  order t o  
m i n i m i z e  d e g r a d a t i o n  of t h e  polymer (which  i s  known 
I . I 
i 
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t o  be n o r m a l l y  q u i t e  e x t e n s i v e  a t  t h e  t e m p e r a t u r e s  
i n  q u e s t i o n )  t h e  s a m p l e s  were placed i n  t h e  
Vacuum oven  w h i c h  w a s  h i g h l y  e v a c u a t e d  before 
a n y  heat w a s  applied a n d  the vacuum he ld  w h i l e  t h e  
sample c o o l e d  t o  be low 7OoC a f t e r  t h e  a n n e a l i n g .  
The samples w e r e  a n n e a l e d  i n  t h e  oven  a t  t e m p e r a u r e s  
b e t w e e n  23O-24S0C, f o r  times up t o  144 h o u r s .  
Even t h o u g h  t h e  above  p r e c a u t i o n s  w e r e  t a k e n  it w a s  
L - - 2 - * * -  +h=+ e x t e n s i v e  d e g r a d a t i o n  took place i n  
t h e  samples used  u n d e r  these c c n d i t i o n s .  
C. The f i rs t  r e s u l t s  were q u a l i t a t i v e  b u t  e x t r e m e l y  i m p o r t a n t .  
F i g u r e  10 shows how t h e  988  c m ”  band b e h a v e s  i n  t h e  m e l t ,  g l a s s ,  m e l t  
c r y s t a l l i z e d  a n d  s o l u t i o n  c r y s t a l l i z e d  m a t e r i a l s .  
-1 
band a n d  t h e  1380 cm” band are  
F igure  11 shows t h e  s a m e  r e s u l t s  f o r  t h e  1380 c m  band.  These  
-1 f i g u r e s  c l e a r l y  show t h a t  t h e  988 c m  
bands associated w i t h  polymer  s a m p l e s  i n  a c r y s t a l l i n e  s ta te .  
The effects of t h e  base h y d r o l y s i s  of the  c r y s t a l l i n e  PET by  
m e t h y l a m i n e  upon t h e  i n f r a r e d  spec t rum are shown i n  T a b l e  1. It c a n  
b e e n  s e e n  t h a t  t h e  988  cm”  band (which w e  shall c a l l  a ”fold1’ band)  
i r r e v e r s i b l y  decreases w i t h  t i m e  of d e g r a d a t i o n .  (The  1380 c m  band 
shows somewha t  s i m i l a r  r e s u l t s  but s e e m s  t o  h a v e  a disordered c o n t r i -  
b u t i o n . )  A t  t h e  same t i m e  t h a t  t h e  “fold” band i s  decreasing,  t h e  
disordered band  decreases a b r u p t l y  t h e n  s ta r t s  i n c r e a s i n g ,  i n d i c a t i n g  
c r y s t a l l i n e  a r e a s  a r e  now be ing  a t tacked  c a u s i n g  disordered r e g i o n s  t o  
-1 
. 
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a n d  so t h e  r e s u l t s  a r e  o b v i o u s l y  i n c o n c l u s i v e .  It  was f e l t  t h a t  per- 
h a p s  besides o x i d a t i v e  d e g r a d a t i o n ,  water  e n t r a p p e d  i n  t h e  K B r  pe l le t  
was c a u s i n g  h y d r o l y s i s .  
D. The s t u d i e s  of t h i s  i n v e s t i g a t i o n  have  l ed  t o  t h e  a s s i g n m e n t  
-1 of t h e  988 c m  
p o r t i o n  of t h e  m o l e c u l e .  I t  h a s  been  demonstrated t h a t  t h e  major 
c o n t r i b u t i o n  of t h e  1380 c m ' l  band i s  from t h e  folded c o n f o r m a t i o n .  
band  t o  a c o n f o r m a t i o n  which  i s  p r e v a l e n t  i n  t h e  folded 
F u r t h e r ,  i t  has  b e e n  f o u n d  t h a t  f o r  d rawing  of t h e  g l a s s y  po lymer  
be low Ta, c r y s t a l l i z a t i o n  aoes I I U L  uLbuA -, ~ 7 J z - -  m n p h a n i s m .  
d 
I n  a d d i t i o n ,  f u t u r e  work i s  p l a n n e d  i n  f u r t h e r  e l u c i d a t i n g  ihe 
ne twork  of these b a n d s  a n d  f o r  o b t a i n i n g  t h e  complete s t r u c t u r e  of 
t h e  f o l d .  Along t h s e  l i n e s  p l e o c h r o i s m  s t u d i e s  are e n v i s i o n e d ,  s t u d i e s  
upon h i g h  p r e s s u r e  c r y s t a l l i z e d  PET a n d  s tudies  upon e p i t a x i a l l y  
grown PET. 
V I .  STRUCTURE - PROPERTY RELATIONSHIPS 
S t r u c t u r e  - p r o p e r t y  r e l a t i o n s h i p s  a t  c r y o g e n i c  t e m p e r a t u r e s  w i l l  
be s t u d i e d  i n  t o r s i o n  pendulum a p p a r a t u s  f o r  m e a s u r i n g  i n t e r n a l  be  
f r i c t i o n  a n d  modulus  c h a n g e s  a t  l o w  f r e q u e n c i e s .  The a p p a r a t u s  wh ich  
i s  c u r r e n t l y  b e i n g  b u i l t  i s  s i m i l a r  t o  i n s t r u m e n t s  p r e v i o u s l y  d e s i g n e d  
b y  W e i n i g ( 3 )  a n d  G w a r t z ( 4 ) .  
a vacuum s y s t e m  d e s i g n e d  f o r  " l o w  t e m p e r a t u r e s 1 '  i n  t h e  r a n g e  4.2 t o  
300'K. I n  a d d i t i o n ,  a "h igh  temperature" chamber,  300°-6000K i s  b e i n g  
An i n v e r t e d  pendulum w i l l  be e n c l o s e d  i n  
c o n s t r u c t e d .  B o t h  o p t i c a l  a n d  e l e c t r o n i c  r e c o r d i n g  t e c h n i q u e s  f o r  
-12- 
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measur ing  t h e  i n t e r n a l  f r i c t i o n  will be used. A d e t a i l e d  d e s c r i p t i o n  
of t h e  pendulum w i l l  be g i v e n  i n  t h e  a n n u a l  report .  The appara tus  
s h o u l d  be completed a n d  r u n n i n g  b y  J a n u a r y  1, 1966. 
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Fig .  1. Fibr i l la r  spherul i t ic  s t r u c t u r e s  of PET c r y s t a l l i z e d  i s o t h e r m a l l y  
f r o m  a .05% d ime thy l  p h t h a l a t e  s o l u t i o n  a t  125OC. (P t -C shadowed 
a t  tan ' l  5 / 7 )  Magni f i ca t ion :  33,OOOX 
. 
Fig. 2 .  Lamellar p la te l e t s  w i t h  f i b r i l l a r  overgrowths of m T  obtained 
during solvent evaporation from a .005% dimethyl phthalate 
solution i n  an a i r  oven controlled a t  145OC. ( p t - C  shadowed 
a t  tan'' 4/8) Magnification: 35,OOOX 
Fig . 3 . fSpherulites'f of PET obtained during solvent evaporation from 
a .005% dimethyl phthalate solution i n  an a ir  oven controlled 
a t  125OC. Single l a m e l l a e  are seen i n  the same structure to- 
gether w i t h  the f i b r i l s .  
Magnification: 15,OOOX 
(Pt-C shadowed a t  tano1 4/8) 
Fig. 4. O r i e n t e d  overgrowth of PET on  (001) NaCl.. F ib r i l s  are 
s e e n  o r i e n t e d  a l o n g  <110>. 
Magni f i ca t ion :  18,OOOX 
L o w e r  r i g h t :  
Selected area d i f f r a c t i o n  p a t t e r n  of o r i e n t e d  f ibri ls  a n d  
i t s  correspon$ng s e l e c t e d  area. The t w o  s t r o n g  r e f l e c t i o n s  
are - l i 0  a n d  111. 
105. The r i n g  is due to  the  P t - C  shadowing material. 
(Pt-C shadowed a t  tan'' 4/8) 
The th i rd  r e f l e c t i o n ,  a v e r y  weak one ,  i s  
. 
Fig .  5. Spheru l i t e  of PET c r y s t a l l i z e d  from a molten f i l m  w i th  an unre- 
s tra ined surface .  Lamellar ribbons are seen extending outward 
f r o m  center .  
Magnification: 30,OOOX 
Crys ta l l i za t ion  temperature i s  about 154OC. 
Top Fig. 6 .  Spherulites of PET crystal l ized by annealing from a glassy f i l m  
a t  about 154OC. Lamellar ribbons are present. Magnification: 
86, OOOX 
Bottom Fig. 7 .  Surface replica f a glassy f i l m  before annealing. (pt-C 
shadowed a t  tan-' 5 / 7 )  Magnification: 19,200X 
Top Fig. 8. Surface s t r u c t u r e  of PET t h i n  f i l m ,  cast on w a t e r  surface u s i n g  
a 1% m-cresol s o l u t i o n  and s t r e t c h e d  t o  3x a t  5OoC. (P t -C 
shadowed para l le l  t o  s t r e t c h  d i r e c t i o n  a t  t a n - 1  4/8) M a g n i f i c a t i o n :  
22 , ooox 
B o t t o m  F i g .  9. S t r e t c h e d  t h i n  f i l m  of PE3T s t r e t c h e d  a s  i n  Fig. 8, but 
s t a i n e d  w i t h  3% PTA f o r  1 day. M a g n i f i c a t i o n :  4 2 , 8 0 0 X  
. 
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CRYSTALLIZATION FROM THE GLASS 
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ANNEALING S T U D I E S  
O r i g .  
26 H r s .  
52 Hrs. 
96 H r s .  
144 Hrs. 
0.144 
0.349 
0.374 
0.504 
0.482 
A I crystalline) 
"795 
/Ir 
A 
1.77 
2.38 
2.35 
2.75 
2.40 
TABLE 3 
A (amorphous) 
848 
A795 
1.98 
2.45 
2.39 
2.71 
2.44 
